The "Anaerobic Digestion Model No.1" (ADM1) was modified in the study by improving the bio-chemical framework and integrating a more detailed physico-chemical framework.
Introduction
The "Anaerobic Digestion Model No.1" (ADM1) developed by the International Water Association (IWA) task group is a mathematical model mainly describing the biochemical processes involved in anaerobic digestion (Batstone et al., 2002; Batstone et al., 2006) . The whole process of anaerobic digestion can be divided into five steps, which are disintegration, hydrolysis, acidogenisis, acetogenisis and methanogenesis. First, composite particulate substrate is disintegrated into carbohydrates, proteins, lipids, soluble and particulate inerts in the disintegration step. Then carbohydrates, proteins, and lipids are hydrolyzed into monosaccharides (MSs), amino acids (AAs), and long chain fatty acids (LCFAs) in the hydrolysis step (Vavilin et al., 2001) . Next in the acidogenisis step, MSs However, many deficiencies of the original ADM1 have been noted since its publication.
First, the ADM1 does not accommodate complete component mass balances over the nitrogen and carbon components, which can result in the discrepancies between the carbon and nitrogen contents in the biomass and those in the composite particulate material (Blumensaat and Keller, 2005) . Second, the ADM1 does not consider too much physicochemical processes which are not directly mediated by microbes but can affect the biochemical processes of anaerobic digestion (Horiuchi et al., 2001; Loewenthal et al., 1989; Loewenthal et al., 1991; Mikkelsen and Keiding, 2002) . The most critical physico-chemical 5 processes omitted in the ADM1 are the solids precipitation processes caused by metal ions.
The main reason of excluding the solids precipitation processes from the ADM is that the range of precipitating ions is wide, which leads to a large number of precipitate types (Ekama et al., 2006) . Also, the presence of some types of metal ions may have inhibition effects on the precipitation processes involving other metal ion types. In addition, precipitates formed by same ions may exist two different forms: amorphous precipitates and crystalline precipitates, which have different formation mechanisms, precipitation kinetics and the rate-limited factors (Koutsoukos et al., 1980) . Third, the ADM1 does not consider phosphoric acid and phosphate as components involved in the physico-chemical processes of anaerobic digestion. It has been shown in many studies that metal ions and phosphate may cause solids precipitation, such as struvite (MgNH4PO4), affect the pH of the anaerobic digestion circumstances and have strong effects on bio-chemical processes as well as physico-chemical processes (Britton et al., 2005) .
The deficiencies of the original ADM1 will unavoidably limit the ability of the model to precisely represent the changing rates of some of the components and to correctly predict 
Materials and Methods
The structures of the modified AMD1 are shown in Tables 
Bio-chemical framework
Anaerobic digestion mainly includes two extracellular steps (i.e. disintegration and hydrolysis) and three intracellular steps (i.e. acidogenisis, acetogenisis and methanogenesis). In the intracellular steps, inorganic carbon is the carbon source for, or a product of, the uptake of sugars, amino acids, propionate, acetate and hydrogen, while inorganic nitrogen is the nitrogen source for the uptake of sugars, amino acids, LCFA, 7 valerate, butyrate, propionate, acetate and hydrogen. However, the original ADM1 did not consider the inorganic carbon and nitrogen changes for some possible processes, especially the decay processes of component degraders. Since the decaying component degraders remain in the reactor and involve in the anaerobic digestion processes together with the original composite particulates, the carbon balance and nitrogen balance must be closed by adding balance terms of inorganic carbon and nitrogen for the bacteria decay processes. In the work of Blumensaat and Keller (2005) , two balance terms were introduced to resolve the discrepancies between the carbon and nitrogen contents in the degraders and substrates, which were Eq. (1) (used to close the carbon cycle) and Eq. (2) (used to close the nitrogen cycle). These two terms describe inorganic carbon and nitrogen releases caused by the decay of degraders and the effects on the total dissolved inorganic carbon and nitrogen contents.
Physico-chemical framework 2.2.1. Liquid-gas processes
Liquid-gas transfer processes were originally incorporated in ADM1 as major physicochemical processes. Hydrogen (H2), methane (CH4) and carbon dioxide (CO2) were considered in the reactor not only in liquid phase, but also in gas phase and represented as dynamic state concentration variables in the ADM1.At steady-state the relationship between the partial pressure of each biogas component in gas phase and its concentration in liquid phase was described by the Henry's law as Eq. (3). However during the dynamic 8 anaerobic digestion process each biogas component in the reactor would become supersaturated in liquid phase and transfer into gas phase, which was described by the gas transfer rate equation shown as Eq. (4).
The concentrations of biogas components were obtained by solving the gas transfer rate equations together with the differential rate equations in liquid phase describing the biochemical processes. Due to the fact that liquid-gas transfer of ammonia (NH3) may occur in high pH solution, NH3 is introduced in the ADM1 as a new component of biogas in this study as shown in Table 3 .
Liquid-liquid processes
The . In this study, calcium ions (Ca 2+ ) and magnesium ions (Mg 2+ ) are considered as two types of + ions that will cause 5 major types of precipitates based on the reactions shown in Table 6 . Not like the common methods of modeling precipitation which usually use simple rate equations based on the pseudo-equilibrium with first order rate coefficients, the form of Eq. (7) is based on the fundamental relationship used for crystallization process (Koutsoukos et al., 1980) , which can better describe the mechanisms of solids precipitation
Results and Discussion

Model validation
In order to testify the accuracy and the predictive ability of the physico-chemical framework of the modified model, the model outputs were compared with experimental data measured at 25°C in the work of Musvoto et al. (2000a) . As can be seen in Figure 1 and Figure 2 , the model results accurately predict the changing trends of inorganic components and pH value in the batch reactor, and exhibit good agreement with the experimental results. The comparison demonstrates that the model is able to accurate predict the changes of physico-chemical processes involved inorganic components. Such ability enables the further application of the model for investigating the effects of the inorganic components on the entire anaerobic digestion process. 11
Effects of Inorganic Components on Anaerobic Digestion
In this section, the validated model was used to investigate the effects of dissolved Ca 2+ , Mg 2+ , inorganic phosphorus (Pi) and inorganic nitrogen (Ni) on anaerobic digestion in batch reactor. Compared with the original ADM1, dissolved Ca 2+ , Mg 2+ and Pi were new components and Ni had different rate equations. The temperature was still set at 25°C so that it would not influence the precipitation rates of metal ions.
First the impacts of dissolved Ca 2+ and Mg 2+ on anaerobic digestion were examined by removing one or both of their initial concentrations. As shown in Figure 3a -b, the presence of Ca 2+ and Mg 2+ in liquid phase not only affects the formation rate of precipitates, but also the release rate of biogases, especially ammonia (NH3) gas, indicating that the liquid-gas processes could be affected by the liquid-solid processes during anaerobic digestion. To better understand how Ca 2+ and Mg 2+ impact biogas release and precipitates generation during anaerobic digestion, different initial ratios of Ca 2+ to Mg 2+ were tested with a fixed total concentration in the model. As can be seen in Figure 3c , higher initial ratio of Ca 2+ to Mg 2+ result in slower production rate of ammonia gas. In addition, the generation process of each type of precipitate also changes significantly as the initial ratio of Ca 2+ to Mg 2+ decreases. As shown in Figure 3d , at the 2:1 initial ratio of Ca 2+ to Mg 2+ , only two types of precipitate, struvite (MgNH4PO4) and Ca3(PO4)2, are generated, but when the initial ratio decreases to 1:2, CaCO3 will be generated as another type of Ca 2+ precipitate with Ca3(PO4)2 and MgNH4PO4 together. The simulation results in Figure 3d reveals that substituting Mg 2+ for Ca 2+ may increase the formation rate of CaCO3 in the presence of PO4 3although the precipitation rate of Ca3(PO4)2 is much faster than CaCO3.
Then the effect of dissolved Pi was examined by changing its initial concentration.
Dissolved Pi was composed of 4 components in the new model, which were phosphate (PO4 3-), hydrogen phosphate (HPO4 2-), dihydrogen phosphate (H2PO4 -) and phosphoric acid (H3PO4). Among these 4 components, PO4 3and HPO4 2were involved in both liquid-liquid and liquid-solid processes of anaerobic digestion while others were only involved in the Liquid-liquid processes. However, as shown in Figure 3a -c, the finial yields of methane (CH4), carbon dioxide (CO2) and ammonia (NH3) in gas phase can also be influenced by the initial concentration of dissolved Pi, indicating that the presence of Pi in liquid phase has a noticeable effect on liquid-gas processes of anaerobic digestion. Furthermore, as shown in Figure 4d , the total concentration of acetate and acetic acid (Sac+SHac) will have different changing trends as the initial concentration of Pi changes in liquid phase, indicating that the presence of Pi in liquid phase may affect bio-chemical processes of anaerobic digestion such as the uptake of acetate, the decay of acetate degraders (Xac) and the generation of CH4 in liquid phase. In addition, as demonstrated in Figure 3a , increasing the initial concentration of Pi will decrease the final yield of CH4 gas. As the initial concentration of Pi becomes higher, less CaCO3 and MgCO3 will form in solid phase, as shown in Figure 4f , and more CO3 2will remain in solution, which will increase the concentration of CO2 in liquid phase as well as gas phase and thus affect the concentration of CH4 in gas phase.
Next the effect of dissolved Ni was examined also by changing its initial concentration.
Dissolved Ni was originally considered in the ADM1 model as NH4 + and NH3 which were only involved in bio-chemical and liquid-liquid processes. In this study, NH4 + was considered to be able to form precipitate with Mg 2+ (Britton et al., 2005) and NH3 was 13 considered as a components in both liquid and gas phase. Since dissolved Ni is involved in all kinds of anaerobic digestion processes in the model, changing the initial concentration of dissolved Ni will inevitably affect the yields of many components in liquid, gas or solid phase. As shown in Figure 5a , neither increasing nor decreasing the initial concentration of Ni in liquid phase can increase the yield of CH4 in gas phase, indicating that for CH4 gas production during anaerobic digestion there may be an optimal initial concentration of dissolved Ni in the presence of Mg 2+ , Ca 2+ and dissolved Pi. If the initial concentration of Ni is too high, large amount of NH3 may remain in solution after Mg 2+ being precipitated and result in strong inhibition effect on the production of CH4 in liquid phase. Besides, high concentration of NH3 in liquid phase may also cause high percentage of NH3 in gas phase and thus affect the content of CH4 gas. However, as shown in Figure 5f , if the initial concentration of Ni is too low, no CaCO3 will form in solution. The reason may be that low initial concentration of Ni leads to low initial pH in solution, which will inhibit the formation of CaCO3 in solution. So large amount of CO3 2will remain in solution after Ca 2+ being precipitated, which will increase the concentration of CO2 in liquid phase as well as gas phase and affect the content of CH4 gas. Figure 6a , increasing the initial Ni:Pi 14 ratio will have a positive effect on the final yield of CH4 gas. Then the initial concentration of "Ni+Pi" was set as 10% of the original value. As shown in Figure 6b , higher initial Ni:Pi ratio will also result in higher yield of CH4 gas in the 1st day and after the 3rd day.
However during the 1st and 3rd day, the CH4 gas production rate with lower initial Ni:Pi ratio becomes a little faster, which results in more CH4 gas during this time period. After that the initial concentration of "Ni+Pi" was set as 1000% of the original value. As shown in Figure 6c , the effect of initial Ni:Pi ratio will become significantly different compared to those with lower initial "Ni+Pi" concentrations. As the initial Ni:Pi ratio increases, the yield of CH4 gas will drop a lot, meaning that in the case of high initial "Ni+Pi" concentration, high initial Ni:Pi ratio may have negative effect on the yield of CH4 gas. These simulations reflect the complex combination effects of dissolved Pi and Ni on the yield of CH4 gas in the presence of Mg 2+ and Ca 2+ .
Conclusions
The original ADM1 has been modified by improving its bio-chemical framework and integrating a more detailed physico-chemical framework. The modified ADM1 was validated by a set of experimental data and used to investigate the effects of dissolved calcium and magnesium ions, inorganic phosphorus and nitrogen on anaerobic digestion in batch reactor. The modifications improved the ADM1's ability to keep track of the biogas production in gas phase, the pH value in liquid phase and the precipitates in solid phase, and provided a way of developing a complete anaerobic digestion mathematical model in future. 
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